Selective laser melting (SLM) of aluminium is of research interest because of its potential benefits to high value manufacturing applications in the aerospace and automotive industries. In order to demonstrate the credibility of SLM Al parts, their mechanical properties need to be studied. In this paper, the nano-, micro-, and macro-scale mechanical properties of SLM AlSi10Mg were examined. In addition, the effect of a conventional T6-like heat treatment was investigated and correlated to the generated microstructure.
INTRODUCTION
Selective laser melting (SLM) is a layer-based additive manufacturing technology that is utilised to manufacture complex and customised structures from metal powder. The main advantage of this process over conventional manufacturing methods is the facility to create lightweight parts, such as those which result from topology optimisation [1, 2] or include lattice structures [3] [4] [5] to replace bulk solids. SLM saves resources, reduces waste and carbon footprint [6, 7] . SLM also makes it possible to manufacture parts from materials that can be difficult to machine [8] ; such as AlSi10Mg, which, due to the presence of the hard Si phase, is mainly used in casting.
Aluminium alloys are attracting the attention of SLM users because of their wide use across many industrial sectors; aerospace and automotive being two examples. However, processing Al alloys with SLM can be challenging because of the material's high reflectivity [9] and thermal conductivity [10] , which can lead to high levels of porosity. There have been a number of previous studies concerned with parameter optimisation to produce close to fully dense parts from Al alloys using SLM, such as [11] [12] [13] [14] [15] [16] .
In addition, several studies have been dedicated to formulating the mechanisms of pore formation and developing means of porosity reduction, such as [12, 17] . The use of high laser power (up to 1 kW) was recommended by Buchbinder et al. [14] , whereas Aboulkhair et al. [12] used a pre-sinter scan strategy (multiple scans per layer) to reduce porosity significantly (from 97.74% to 99.82%) whilst using relatively low laser power.
The manufacture of load bearing parts using SLM is being considered in numerous applications and consequently, the mechanical performance of SLM parts is gaining further attention. SLM of Al alloys produces a characteristically fine microstructure [18] that has been shown to yield mechanical behaviour significantly different from that seen in conventionally cast material [19] , which usually has a coarser microstructure. There are several aspects that require consideration when studying the mechanical behaviour of SLM parts. Although the effect of build orientation has been reported as influential on the tensile properties of Ti alloys [20] , it has less influence in the case of AlSi10Mg; mainly affecting elongation under tensile loading [19, 21] . The energy density delivered to the material during processing also affects the mechanical properties. Various mechanical properties of SLM parts made from Al alloys have been reported in the literature, such as tensile behaviour [19, [22] [23] [24] , micro-hardness [21, 23] , impact resistance [21] , and fatigue performance [22, 25] . Read et al. [19] showed that the tensile strength of SLM AlSi10Mg is higher than that of the die cast counterpart, but the latter has better ductility. Siddique et al. [22] investigated the effect of the energy density, build plate preheating, and post processing stress relief on the tensile properties of SLM AlSi12, reporting that the energy density had the strongest influence.
Kempen et al. [21] reported a higher hardness for SLM AlSi10Mg when compared to the die-cast equivalent as well as improved impact resistance. The fatigue life of SLM Al alloys was found to be affected by porosity or the presence of un-bonded regions in the samples [22] . As for the compressive behaviour of SLM Al alloys, the attention has mainly been directed to studying the latticed structures [26] , to the authors' knowledge, this study is the first to report on the compressive behaviour of solid SLM AlSi10Mg.
Altering the mechanical properties of SLM materials by heat treatment usually follows the procedures that have been developed for conventionally manufactured materials, with no special attention to the distinct microstructure that SLM produces. For example, Brandl et al. [25] enhanced the fatigue performance of SLM AlSi10Mg using a T6 heat treatment, a process including solution treatment, water quenching, and artificial ageing, which they referred to as "peak-hardening". Prashanth et al. [24] reported microstructure coarsening and material softening when annealing SLM AlSi12, which is the same response as conventionally cast material. Importantly, according to Aboulkhair et al. [27] , a conventional T6 procedure resulted in the softening of SLM AlSi10Mg. This raises the question of the validity of conventional heat treatments when it comes to SLM materials, and what would be the effect of these heat treatments on the overall mechanical behaviour. This is the main focus of the research detailed in this paper.
Research to date has focussed on either the micro-or the macro-scopic mechanical properties of SLM material, hardness, strength, etc., while little work has examined the nano-scale properties, such as nanohardness. The advantage of using nanoindentation is the very small indentation area and depth of penetration, which are helpful in characterising the local mechanical properties of materials with very fine microstructure, such as SLM AlSi10Mg [12, 18] . This paper investigates the various mechanical properties of SLM AlSi10Mg at the nano-, micro-, and macroscopic levels. The sub-micron level is represented by the nano-hardness, determined using nanoindentation. To evaluate the strength of the material at the microscopic level, the micro-hardness is measured. Tensile and compressive tests are conducted to reflect the behaviour of the material at the macroscopic level. In this work, the effect of a conventional T6-like procedure on the microstructure and mechanical behaviour at various scales was studied.
MATERIALS AND METHODS
AlSi10Mg powder supplied by LPW Technology was used to produce near fully dense samples (99.94 % relative density) for the various mechanical tests in this study. The samples were fabricated using a Renishaw AM250 SLM machine equipped with a 200 W Yb-Fibre laser. The process parameters were 200 W laser power, a laser scan speed of approximately 570 mm/s (achieved by using 80 µm point distance and 140 µs exposure time), 130 µm hatch spacing, 25 μm layer thickness, and a checkerboard scan strategy (also known as island scanning strategy [18] ). Cubic samples (5 × 5 × 5 mm) were produced for nano and micro-hardness tests. Standard dog-bone shaped tensile specimens, following ASTM standard E8/E8M [28] , were manufactured with 45 mm gauge length and 9 mm gauge diameter. Standard cylindrical compression test specimens, following ASTM standard E9 [29] , were fabricated then machined by turning to 60 mm in height and a 20 mm diameter to ensure the sample had flat parallel ends. Half the samples used in this study were heat-treated following a T6-like procedure by solution heat treatment (SHT) for 1 hr at 520ºC followed by artificial ageing (AA) for 6 hrs at 160ºC [27] before testing. The storage time between quenching the samples and starting the ageing process was kept to a minimum (~0.5 -1 hour).
A MicroMaterials LTD Nanotest NTX Platform3 nanoindenter was used to measure the nano-hardness and indentation modulus of the samples. A Berkovich tip was used for indentation, with the indenter tip shape factor taken into account in the analysis as well as the thermal drift pre-and post-indentation. Tests were performed in accordance with ASTM standard E2546 [30] in a load-controlled mode. The maximum indentation load was set to 7.5 mN and the horizontal (X) and vertical (Y) spacing between adjacent indentations were 10 µm and 15 µm, respectively. The micro-hardness of the samples was measured using a Vickers indenter, applying a load of 3 N and averaging over 10 indentations per sample. The asbuilt and heat-treated samples were cross-sectioned, polished, and etched using Keller's reagent [31] to reveal the microstructure. A Nikon Eclipse LV100 ND optical microscope was used to image the microstructure. Monotonic uniaxial tension tests were conducted at room temperature using an Instron 5581 universal testing machine equipped with a 50 kN load cell. The tests were carried out in accordance with ASTM standard E8/E8M [28] . The extension rate was 0.5 mm/min, providing a strain rate of 1.8 ×
10
-4 s -1
. A random spatter pattern was applied to the surface of the tensile samples using white and black spray paints in order to aid strain measurement using a video gauge. A Philips XL30 scanning electron microscope (SEM) with a secondary electron detector operating at 20 kV served to examine the fracture surfaces of the samples after tensile tests. The fracture surfaces were also cross-sectioned along the normal plane, polished, and etched to determine the fracture mode and investigate the microstructure in the fractured region. An energy dispersive X-ray (EDX) detector attached to the SEM served to analyse the chemical composition distribution in the fractured region. Uniaxial compression tests were conducted at room temperature using an Instron 5985 universal testing machine equipped with a 250 kN load cell.
This test was conducted following ASTM standard E9 [29] . The compression was applied at 0.3 mm/min, resulting in a strain rate of 8.3 × 10 -5 s -1 and the test was stopped when the load reached 230 kN. Strain data was collected using a linear variable differential transformer (LVDT) because the video gauge was unsuitable for these tests as the samples barrelled sending the pattern out of focus so that the video gauge lost track of the traced spatter pattern.
The results presented in this study are produced from a number of replicates per experiment. Therefore, the reported average values are quoted with standard error. The standard error is calculated by dividing the standard deviation by the square root of the number of readings being averaged.
RESULTS & DISCUSSION

Nano-mechanical properties
The average nano-hardness of the as-built SLM material was 1.82 GPa (± 0.01 GPa standard error). After heat treatment, the average nano-hardness was reduced to 1.52 GPa (± 0.02 GPa standard error), showing that the actual effect of heat treatment on the SLM material was one of softening (see Table 1 ). A t-test was performed to determine the statistical significance of the difference between both data sets with a confidence level of 95%. Since the t-value (12.05) was greater than the critical t-value (1.97) for a twotailed test, the null hypothesis that there is no difference between the as-built and heat-treated nanohardness can be rejected. The nano-hardness maps over the sampled area in the as-built and the heattreated samples are shown in Figure 1 driven by the fast cooling rate that the material experiences during processing [22, 27] . The spatial variation in the nano-hardness of the heat-treated material is due to phase transformation during treatment. The solution heat treatment allows enough time for the segregated Si to diffuse and form particles/spheroids [24, 27] , as seen in Figure 2 (b), in addition to microstructural coarsening. The presence of these Si particles, along with the coarser microstructure in terms of larger Si particles and Al grains, produces nano-hardness sensitivity to the indented phase [32, 33] . The decrease in nano-hardness after heat treatment is attributed to changes in the strengthening mechanisms related to the microstructural changes. The authors [27] have previously compared the strengthening mechanisms in the as-built SLM material to those in the heat-treated material. There are three main factors that are thought to provide the SLM material its strength and these are the ultrafine-grained microstructure (grain boundary strengthening), the alloying elements (solid solution strengthening), and the interaction of dislocations (dislocation strengthening). After heat treatment, the microstructure is no longer ultrafine-grained, as can be seen in Figure 2 (b), reducing the contribution of grain boundaries to strengthening. However, the formation of Si spheroids through spherodisation results in strengthening the material through Orowan strengthening. Therefore, comparing the dislocation motion in the as-built and heat treated material, it can be concluded that motion in the former is mainly limited by the increased volume of grain boundaries and in the latter through obstruction by the Si spheroids. The higher nano-hardness in the as-built material suggests that the strengthening effect of the fine microstructure, characteristic of SLM Al alloys, is more than that achieved by solution heat treatment and ageing that leads to spherodisation transformation. The indentation modulus of the as-built samples was 100 ± 1 GPa and that of the heat-treated samples was 105 ± 1 GPa. Further discussion of this effect is presented in the tensile properties section.
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3.2.Micro-mechanical properties
The overall micro-hardness, provided in Table 1 , shows the same trend as the nano-hardness results. The hardness of the as-built material was reduced by nearly 20% after heat treatment, indicating material softening. This agrees with earlier results by the authors [27] that reported material softening rather than hardening when using a T6-like heat treatment with SLM AlSi10Mg. Although Al-Si-Mg alloys are capable of precipitating Mg 2 Si through solution heat treatment and artificial ageing [34] , which is responsible for the hardening effect for which the T6 heat treatment procedure is used (often referred to as precipitation hardening) [27] , it is not clear whether precipitation occurred during the current treatment. ageing [35] . Following the formation of GP II zones (in the form of rods), a β' intermetallic phase is formed (also in the form of rods or needle-like structures), which is followed by the intermetallic phase at equilibrium that is β-phase "Mg 2 Si" (in the form of plates) [36] . The metallurgical aspect of what actually happens during this heat treatment, in terms of microstructural modification and phase transformation and whether Mg 2 Si is precipitated during heat treating the SLM material requires further investigation. The effect of a T6-like procedure with prolonged durations (e.g. solution heat treatment for 6 hrs and ageing for 7 hrs) has been used in a number of studies, in which it was referred to as peak hardening [25, 37] .
This prolonged procedure was also investigated in this study for micro-hardness only, however still no hardening effect was noticeable, where the micro-hardness of the SLM material was reduced to 103 ± 2 HV following T6-like treatment. This is further evidence that the SLM material responds to the T6-like heat treatment by softening. The micro-hardness of the as-built SLM material was higher than its die cast counterpart (95-105 HV [21] ), however, a T6 heat treatment for the die cast material increased the micro-hardness to 130-133 HV [21] , to become comparable to that of the as-built SLM material. The difference in the response of the as-built SLM material from that of the conventionally cast material to T6-like heat treatment is driven by the characteristically fine microstructure developed by SLM when processing AlSi10Mg. Leuder et al. [38] stated that SLM generally produces microstructures different from those developed when using conventional processes, leading to the need for some adjustments to the conventional heat treatment procedures.
The average hardness retrieved from nano-indentation is significantly higher than that determined in micro-hardness testing, which is an intrinsic size effect. Zong et al. [39] observed an increase in hardness value as the depth of indentation shifted from the micron to the nano scale. For the as-built material, the average micro-hardness was 1.23 GPa, less than the nano-hardness by almost 33%. Similarly, the average micro-hardness of the heat-treated material (0.98 GPa) was nearly 36% less than its nano-hardness. Nanoindentation hardness has been previously reported to be typically 10 -30% less than the microhardness for a range of materials [40] due to assuming a purely elastic contact and using the projected contact area in the data analysis in nanoindentation instead of the residual projected area. The projected contact area is smaller than the residual projected area whether the material piles-up or sinks-in under indentation loading [41] .
3.3.Macro-mechanical properties
The engineering stress-strain curves in Figure 3 show that the as-built samples behave in a relatively brittle fashion under tensile loading. However, it can be seen that the heat treatment provided the material with enhanced ductility without a drastic sacrifice in tensile strength, as demonstrated by the extension in the plastic deformation region in the stress-strain curve. It is hard to categorise a material as ductile or brittle based on the elongation percent only [41] , therefore, the macroscopic features on the fracture surface were examined. Fractography revealed that failure always originated at a surface or sub-surface flaw, as shown in the inset in Figure 3 . This could be attributed to the poor surface roughness, which is common in SLM parts, and/or the presence of sub-surface defects, such as pores or laser spatter [42] .
Macroscopically, the fracture surface was flat with a few regions showing shear lips, which is a sign of brittle failure [41] . No significant necking was observed in any of the tested samples due to the processinduced brittleness. This was also demonstrated by the fracture stress being equal to the ultimate tensile strength. The fine fracture features in the as-built samples are shown in Figure 4 (a); these fracture features coarsen after heat treatment, as seen in the dimpled surface in Figure 4 (b). Shallow dimples are seen on the surface of the as-built material (Figure 4 (a) ) indicating failure in a brittle mode [40] .
Equiaxed dimples are clearly seen in the heat-treated sample (Figure 4 (b) ) indicating micro-void coalescence and deformation by slip [41] , which is a ductile failure feature [43] . The failure mechanism is better understood from the cross-sectional views of the fracture surfaces provided in Figure 5 . In the asbuilt material ( Figure 5 (a) ), the crack propagates along the interface between the melt pool core and boundary, which was consistent along the fracture surfaces. This is because the melt pool boundary is softer than the melt pool core, having a coarser microstructure and less Si content for the reduced grain boundary area. For the heat-treated material ( Figure 5 Origin of failure The overall tensile properties of the samples with and without heat treatment can be found in Table 2 . The decrease in the material's ultimate tensile strength, yield strength, and elastic modulus after heat treatment is attributed to microstructural coarsening, as determined by the microscopic investigation, which shows a with respect to the literature for this alloy [19] . The tensile strength of SLM AlSi10Mg exceeds that of the A360 die cast material, which is the most comparable alloy to the AlSi10Mg, but the former has lower ductility. However, the ductility of the SLM material was improved by heat treatment, making it more suitable for applications that require higher ductility capabilities as a design consideration. This shows that the T6-like heat treatment yielded a potentially attractive compromise between the material's ductility and strength. The moduli of elasticity determined from tensile tests ( Table 2) were less than those determined using nanoindentation, which were 100 ± 1 GPa and 105 ± 1 GPa for the as-built and heat-treated materials, respectively. The variation between absolute values of properties measured from the tension tests and nanoindentation is commonly seen [45] . Similar to the case of comparing the nanohardness to the micro-hardness, this is also explained by the fact that the sampling area in nanoindentation is extremely small, as is the depth of penetration into the material. Nano-indentation determines the local mechanical properties of the material meaning that nanoindentation would not detect the defects within the part, and hence the indentation modulus is usually higher than that determined by the behaviour of the material at the macroscopic level. Die cast -A360 [46] 175 -320 3.0 fractured under compressive loading up to 230 kN (~700 MPa). The inset in Figure 6 shows the samples before and after testing with barrelling and buckling clearly observed in the tested samples. Generally, barrelling in Al samples under compressive loading is quite common due to heterogeneous deformation, where the material at the top and bottom surfaces is constrained by friction with the test rig and the rest of the sample experiences high strain hardening and flows forming a barrel [47] . The general compressive properties are listed in Table 3 . Heat treatment has significantly reduced the yield compressive strength of the material, by ~150 MPa. It is worth noting that the yield strengths of the as-built and heat-treated materials were much higher than the cast equivalent, which is approximately 100 MPa [48] . Both the ultimate compressive strength and strain at fracture were not determined in these experiments due to limitations on the capacity of the load cell used in testing. Fractographs of tensile tests showed the presence of surface or sub-surface pores to be the origin of failure indicating that regions of porosity are susceptible to failure under tensile loading. In the case of compressive loading, porosity was not seen to be critical. This is because the nature of loading tends to close the pores, consolidating the defected regions, as long as porosity is minimal. In contrast, under tensile loading, pores start to stretch, coalesce, and propagate in the form of cracks that lead to failure.
SUMMARY & CONCLUSIONS
Selectively laser melted AlSi10Mg was evaluated for a number of mechanical properties and the influence of a conventional T6-like heat treatment on these properties was determined. A summary of the effect of heat treatment on the various mechanical properties can be found in Table 4 . The interrelation between the mechanical behaviour and the microstructural features was developed. The as-built material showed uniform nano-hardness within the material because of the extremely fine microstructure and the homogenous distribution of the alloying elements. Variation in the nano-hardness across the material was observed after heat treatment due to the change in microstructure, i.e. the diffusion of the well-dispersed
Si to form coarser particles (spheroids large enough to be detected by nano-indentation and develop sensitivity to the indented phases). This study reported a high micro-hardness for the SLM material, surpassing the die-cast counterpart and comparable to the hardened die-cast. Both nano-and microhardness tests showed material softening upon heat treatment, a finding that opposes the behaviour of conventionally manufactured Al-Si alloys that normally show a hardening effect with this heat treatment.
This is attributed to the difference in the starting microstructures. The ultimate and yield tensile strengths of the as-built SLM material were considerably higher than the die-cast counterpart, but the material also exhibited poor elongation to failure. However, the ductility was significantly enhanced by the heat treatment, maintaining the high yield strength of the SLM material compared to the die-cast counterpart, with only a small reduction in ultimate tensile strength. It is important to note that the reduction in strength with heat treatment was small compared to the relatively large gain in elongation to failure. Both the as-built and heat-treated materials demonstrated the ability to withstand high compressive strains as they barrelled and buckled during compression with no evidence of fracture. Heat treatment resulted in reducing the compressive yield strength of the material but it still remained higher than the cast equivalent. This study reported the mechanical properties of SLM AlSi10Mg at the nano-, micro-, and macro-scopic levels and correlated them to the material's microstructure. These results show that the characteristic microstructure produced during SLM yields improved mechanical properties compared to conventionally processed material considering a wide range of properties at various levels. The work here also underpins a misconception that SLM AlSi10Mg alloy is hardenable using T6 heat treatment since the findings in this study showed the distinct starting microstructure led to softening using this heat treatment rather than hardening, improving the material's ductility without a significant decrease in strength. This demonstrates the need for a new set of heat treatment procedures to be designed and tailored specifically for SLM materials and the desired mechanical properties. In combination with the design freedom of SLM, this work can be used to deliver parts with a range of previously unachievable mechanical properties.
